A methodology for modeling discontinuities in a coaxial transmission line is presented. The method uses a non-linear least squares fit program to optimize the fit between a theoretical model and experimental data. When the method was applied for modeling discontinuities in a damaged S-band antenna cable, excellent agreement was obtained.
INTRODUCTION
The Galileo Spacecraft, launched October 18, 1989, is due to arrive at Jupiter in 1995. This article describes a technique used to locate and model discontinuities that developed on the Galileo S-band antenna cable during environmental testing (prior to launch). Reflections from these discontinuities caused a 0.2 dB drop in the S-band output power transmitted from the antenna. In addition, from modeling work, it was found that reflections within the cable were the causes of numerous humps and valleys (of unusual amplitudes) observed in the insertion loss data versus frequency data. An initial model showed that crimps in the cable developed at two cable clamp locations. The model was considered satisfactory (and even good) at the time, and further attempts to obtain an improved model were abandoned. decision was made not to replace the cable because X-bar.-(8.415 GHz) was the prime data channel and S-band was less important. After launch, the X-band antenna failed to deploy and S-band (2.295 GHz) has subsequently become the prime data channel. To ensure that the S-band cable problem is fully understood, for radio science purposes and for establishing bounds for worst case scenarios, the task was undertaken to develop more accurate models of the slightly damaged cable.
As will be shown in this article, an excellent model was ultimately developed. The modeling technique and the utilization of a non-linear least squares fit program is described.
METHODOLOGY
The first step in the modeling procedure was to measure S-parameters of the damaged cable over a frequency range centered at the particular frequency of interest. To obtain the 253 ZH3419-9/94/0000-0253$01.00 0 1994 IEEE results presented in this article, an HP 8510B automatic network analyzer was utilized. From the measured Sparameter data, return loss time domain plots were generated showing approximate locations of discontinuities in the cable. The return loss magnitude information on the time domain plots was used to model equivalent circuit elements of individual discontinuities [ 11. The overall cable with discontinuities was modeled as consisting of individual shunt susceptances (representing discontinuities) separated by different lengths of lossy coaxial line sections. Both the cable attenuation constant and the relative dielectric constant are taken into account. The overall S-parameters of the cable with discontinuities are derived through the use of cascading equations. Insertion loss is then computed from the magnitude of S21, the transmission coefficient S-parameter. Calculations performed at each frequency over the test frequency band led to the theoretical data set for the model. Early attempts to adjust cable parameters to best fit the calculated data to experimental data by a trial-and-error process proved extremely time consuming and fruitless. It became clear that a least squares fit program was needed.
Dr. C. L. Lawson, of the JPL Applied Math Group, provided a non-linear least squares fit (NLSF) program [2] for this purpose and assisted with the coding. The NLSF was found easy to use, had the advantage of being public domain, and could be run on a personal computer [2] . In addition, bounds could be specified on the parameters to be best fitted so that the values would stay within physical realizable limits.
A Fortran subroutine for the above mathematical model was written to be used with the NLSF program. Experimental insertion loss versus frequency data was read into the program. The theoretical parameters to be adjusted were specified to be (1) the discontinuity magnitudes in terms of capacitive shunt susceptance values, and (2) the line lengths separating the discontinuities. The program finds the parameter values (within the specified bounds) that give the best fit (using a least squares convergence criterion) between theoretical and experimental values. Even though the distances between the discontinuities were allowed to be adjusted within specified bounds, the program was written so that the resulting overall length of the cable for the model had to be equal to the actual physical length of the cable.
RESULTS
Such a discontinuity could be created by bending this cable against the edge of a cable clamp or the edge of a Kynar sleeve (see Fig. 2 ). Figure 3 shows that theoretical values for this model agree well (within k0.02 dB) with experimental insertion loss data. Good agreement was also obtained between experimental and theoretical retum losses as well as for time domain plots [l]. Fig. 4 shows that when all intemal discontinuities except the two outer discontinuities (due to connectors) are removed, the agreement between the model and pre-environmental test data is still excellent.
As described in [I] , earlier models of the cable either did not have enough discontinuities or did not have good agreement with pre-environmental test data with intemal discontinuities removed. The final model, shown in Fig. 1 , shows discontinuities that are constant susceptances over the frequency range of interest. This type of discontinuity could be a deep crease, or crimp, on the outer diameter of the cable. 
CONCLUSION
With the aid of the NLSF program, a model has been found that gives excellent agreement between theory and experiment for the Galileo spacecraft S-band antenna cable. This model will be helpful in the error analyses of radio science data, and predictions of worst case situations due to temperature and flexing, should the need arise.
The method presented here can be extended to the modeling of discontinuities of other types of transmission lines such as rectangular or circular waveguides.
